The high-nutrient, low-chlorophyll region of the northeastern (NE) subarctic Pacific is one of the most biologically productive marine ecosystems in the world, supporting fisheries worth over $5
Introduction
The northeastern (NE) Pacific Ocean is the second largest high-nutrient, low-chlorophyll marine ecosystem in the world, where iron availability limits phytoplankton growth (Boyd et al., 2007; Martin & Fitzwater, 1988; Martin et al., 1991; Morel et al., 1991) . This highly productive and biodiverse region supports important commercial, subsistence, and sport fisheries of salmon, cod, pollock, and crab worth more than $1.5 billion annually with a total economic impact exceeding $5 billion (National Oceanic and Atmospheric Administration Fisheries Report 2016; McDowell Group, 2017) . A comparison of satellite chlorophyll a records from 1979 to 1986 and 1997 to 2002 shows a global 6% decline in primary productivity (Gregg et al., 2003) .
Seventy percent of the decline occurred in the high latitudes, and the largest Northern Hemisphere decline (9.3%) is centered in the North Pacific (Gregg et al., 2003) . These productivity declines are associated with warming sea surface temperatures (SSTs) and enhanced stratification (Behrenfeld et al., 2006; Gregg et al., 2003; Ono et al., 2001 ) and can have implications for higher trophic levels (Hoegh-Guldberg & Bruno, 2010) . Long-term records of primary production are needed to put these modern trends into preanthropogenic context and to evaluate potential causal mechanisms including warming SSTs, decreasing wind stress, and declining atmospheric dust deposition (Gregg et al., 2003) .
The available long-term data sets recording chlorophyll concentrations or phytoplankton biomass in the NE Pacific prior to the satellite era are spatially intermittent and are either too short or too low resolution to evaluate the modern productivity declines. These records include seminal studies conducted at Ocean Station Papa (50.1°N, 144.9°W) and on other oceanographic expeditions (Sugimoto & Tadokoro, 1997; Wong et al., 1995) . Sediment cores have also been used to develop proxy reconstructions of marine primary production through stable isotope analyses of nitrogen and carbon (Altabet & Francois, 1994; Dymond et al., 1992; Lam et al., 2013) . These studies provide important insight into changes in production over millennial-to-millionyear time scales, but the slow deposition rate (~3 cm/ky) of pelagic Pacific sediments limits the temporal resolution of these data sets for providing late Holocene climate context (Lam et al., 2013; Revelle et al., 1955) . Ice cores collected from North Pacific mountain glaciers provide subannual-to-decadal glaciochemical records of temperature, atmospheric circulation, pollution, volcanism, and dust deposition over the late Holocene (Fischer et al., 2008; Neff et al., 2012; Osterberg et al., 2008 Osterberg et al., , 2017 Zdanowicz et al., 2006 Zdanowicz et al., , 2014 . Given their high temporal resolution and multiproxy capability, North Pacific alpine ice cores such as the new Denali ice core Winski et al., 2017) provide a unique opportunity to investigate the long-term context and cause(s) of the recent productivity declines in the North Pacific.
Methanesulfonic acid (MSA) has great potential as a paleoproduction proxy in ice cores for two reasons. First, MSA is the atmospheric oxidation product of dimethyl sulfide (DMS), emitted by phytoplankton (Bates et al., 1992; Simo, 2001) , and this pathway serves as the sole source of MSA to the atmosphere (Mulvaney et al., 1992) . Previous studies confirm a high correlation between atmospheric concentrations of DMS and MSA along research cruise transects in the Atlantic and Southern Oceans (Andreae & Barnard, 1984; Davison et al., 1996; Huebert et al., 1993; Jefferson et al., 1998) . As such, MSA concentrations in the atmosphere are directly related to marine phytoplankton DMS emissions, which have a residence time in the atmosphere of approximately two to seven days depending on weather conditions (Berresheim, 1987) . Second, MSA is routinely measured in ice cores via ion chromatography and is commonly well above detection limits, allowing for the development of long-term records of deposition.
Ice core MSA records from Greenland and Antarctica have been used to investigate relationships between primary production and climate over glacial-interglacial time scales (Legrand & Mayewski, 1997; Saltzman et al., 1997 Saltzman et al., , 2006 . However, polar ice core MSA records have been shown to be highly sensitive to sea ice extent (Curran et al., 2003) , complicating interpretations. Indeed, the sign of the MSA-sea ice relationship varies from site to site and sometimes through time (see Abram et al., 2010 Abram et al., , 2013 , for comprehensive reviews). Further, in regions with snow accumulation rates below 0.1-m water equivalent (w.e.) per year such as interior East Antarctica, ice core records are complicated by postdepositional loss of gaseous MSA back to the atmosphere (Weller et al., 2004) . Importantly, this process does not affect MSA records from coastal Antarctic regions, where accumulation rates are on the order of 0.4-to 1.1-m w.e. per year (Criscitiello et al., 2013 (Criscitiello et al., , 2014 Curran et al., 2003; Morgan & van Ommen, 1997) . Thus, MSA deposition is likely to be conservative in high-accumulation ice core sites.
The Mt. Hunter summit plateau, drilling site of the Denali ice core in the central Alaska Range, has a very high snow accumulation rate of 1.4-m w.e. per year (1981-2011 average) . Perhaps most important for an MSA productivity proxy, the Mt. Hunter moisture source region in the NE Pacific Ocean is free of sea ice. The site has a mean annual temperature of À17°C, with only minimal summertime surface melt (refrozen melt layers comprise 0.5% of the total ice core; Winski et al., 2017) , thereby avoiding convolution of the glaciochemical record by meltwater percolation. For these reasons, we posit that MSA in the Denali ice core is conservatively deposited and should reflect variability in regional primary production rather than sea ice dynamics. Here we assess the Denali ice core MSA record as a paleoproduction proxy by investigating the relationship between MSA and satellite-derived North Pacific chlorophyll a concentrations over the period 1998-2010. We assess the influence of volcanic eruptions on the MSA record and the role of atmospheric transport variability from the MSA source region to the ice core site. Our results indicate that Denali ice core MSA reliably records NE Pacific marine primary production on monthly to interannual time scales, suggesting that the ice core record can be used to extend satellite observations, providing long-term context for recently observed declines in production.
Methods

Denali Ice Core Collection and Analysis
Two adjacent ice cores were drilled to bedrock (208-m depth) in May-June 2013 from the summit plateau of Mt. Hunter (62°56 0 N, 151°5 0 W, 3,900 m above sea level), Denali National Park, Alaska (Figure 1 ). In addition to the high snow accumulation rate (1.4-m w.e.) and cold mean annual temperature (À17°C), the Mt. Hunter drill site has flat-lying and conformable subsurface stratigraphy in ice-penetrating radar profiles indicating that the record is not disturbed by complex glacier flow (S. Campbell et al., 2012) . After processing at the National Ice Core Laboratory in Denver, CO, the ice cores were transported frozen to Dartmouth College and sampled using a continuous ice core melter system (see Breton et al., 2012; Osterberg et al., 2006 , for melter system details and detection limits). Insoluble dust size, dust concentration, and electrical conductivity were measured continuously on the meltwater stream using a Klotz Abakus laser particle detector and an Amber Science conductivity meter. High-resolution discrete samples (2-10 cm/sample) were collected for stable water isotope, major ion, and trace element analyses. We measured major ion concentrations, including MSA, at Dartmouth College using 30-min sample injections on a Dionex ICS5000 capillary ion chromatograph. Stable water isotopes were measured at the University of Maine using a Picarro L2130i stable water analyzer. Core sections from 84-to 124-m depth were also analyzed by nondestructive gamma spectrometry at the University of New Hampshire to identify the radioactive cesium-137 peak from atmospheric nuclear weapons testing in 1963 Winski et al., 2017) . We analyzed Denali Core 2 (hereafter the "Denali ice core") in its entirety (back to 800 Common Era) for MSA. The portion of this record from 1998 to 2010, which overlaps with the satellite record of chlorophyll a concentrations, is the focus of this paper.
Ice Core Chronology
Seasonal peaks in δ 18 O (summer, with winter trough), sodium (winter), ammonium (summer), magnesium (spring), and dust (spring) were used to delineate and count annual layers in the Denali ice core back to approximately 800 Common Era Winski et al., 2017) . The depth-age scale was validated by the presence of sulfate spikes corresponding with the dates of known volcanic eruptions (e.g., Katmai in 1912 , Shiveluch in 1856 , and Laki in 1783 and by the cesium-137 spike in 1963 matching the timing of peak atmospheric nuclear weapons testing (Holdsworth et al., 1984) . The ice core time scale uncertainty from 1998 to 2010 is estimated to be <0.25 years ( 
HYSPLIT Back Trajectory Modeling
We identify potential MSA and moisture source regions to the Denali ice core by conducting back trajectory modeling with NOAA's Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model using 1°r esolution daily meteorological data from NOAA's Global Data Assimilation System (Rolph, 2017; Stein et al., 2015) . We use a tracking program (Putman et al., 2017) that follows the dispersal of 1,000 air parcels distributed throughout the atmospheric column above the deposition site back in time until each particle sinks across the planetary boundary layer (see Putman et al., 2017 , for additional details). We investigated the trajectories of 74 known precipitation events in 2013, which were recorded by an autonomous weather station maintained at the Mt. Hunter ice core site (with a Campbell Scientific SR50 snow depth sounder) and/or by the Global Historical Climatology Network meteorological station at the Talkeetna, Alaska airport (Menne, 2012) , located 80 km southeast of the Mt. Hunter drill site. We define precipitation events as days recording more than 100 mm of snow at the Mt. Hunter site or 15 mm of w.e. precipitation at Talkeetna. Having identified the precipitation events during which wet deposition of MSA onto the Denali drill site would likely have occurred, we produced 72-hr back trajectories for these events to assess marine source regions for each storm ( Figure 1 ).
Satellite Chlorophyll a Data
We quantify relationships between the Denali ice core MSA record and marine primary production in the NE Pacific using National Aeronautics and Space Administration (NASA)'s Sea-Viewing Wide Field-of-View Sensor (SeaWiFS). We used simple linear regression (corr, Matlab R2014b) to calculate correlation coefficients and p values between mean chlorophyll a in 1°pixels across the northern North Pacific Ocean (45°-65°N, 120°-230°W) and mean MSA concentration in the ice core on both a monthly and an annual basis ( Figure 2 ). This analysis uses daily Level 3 SeaWiFS chlorophyll a data downloaded from the NASA Ocean Color server, averaged over 1 February to 31 October, for each year (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . Both log-transformed chlorophyll and MSA data were used, given their underlying distributions (L. W. Campbell, 1995) .
Our analysis excludes the months of November-January when there is insufficient sunlight for the satellite to collect chlorophyll a information (Brickley & Thomas, 2004; Venables & Moore, 2010) . Further, we exclude 2008-2010 from our spatial correlation analysis because the SeaWiFS sensor experienced mechanical 
Results
Denali MSA Source Region and Spatial Relationships Between Chlorophyll a and MSA
HYSPLIT back trajectory analysis of 74 precipitation events on Mt. Hunter shows a predominant marine aerosol source region in the Gulf of Alaska (GOA) to the south-southwest of the central Alaska Range (Figure 1 ). This is consistent with most precipitation events being associated with southerly flow on the eastern side of low-pressure systems in the GOA . Figure 1 shows some trajectories along a more zonal path originating in the southern Bering Sea, but the vast majority of back trajectories intersect the boundary layer east of the Aleutian Islands. (Figure 2a ). Both monthly data sets are dominated by the strong seasonal cycle (Figure 3a) , and therefore, significant correlations occur in regions where the ice core MSA seasonal timing matches the seasonal productivity cycle. Significant positive correlations along the British Columbia coast and in the northwestern Pacific likely result from the coherence of the seasonality cycle across these regions (Thomas et al., 2012) . Figure 2b shows the correlation between annually averaged ice core MSA concentrations and SeaWiFS February-October averaged chlorophyll a concentrations. Whereas the monthly correlations quantify the ice core's ability to capture the North Pacific seasonal productivity cycle, the annual correlation analysis indicates areas for which the ice core MSA tracks interannual changes in primary production. This analysis, combined with the predominant source region determined with HYSPLIT (Figure 1) , identifies ã 200,000 km 2 area (black box in Figure 2 ; 50°N to 55°N; 151°W to 156.5°W) with statistically significant positive correlations south of the Aleutian Islands and Kodiak Island in the western GOA (Figure 1 ). Significant negative correlations are located much further to the west (Figure 2) , but the HYSPLIT analysis shows that few air parcels arriving at the ice core site originate in that region (Figure 1 ).
Interestingly, we do not see significant correlations between annually averaged Denali MSA and SeaWiFS chlorophyll a closer to the southern Alaska coast where the highest density of back trajectories intersect the boundary layer (Figure 1 ). Figure 4 shows that MSA in the ice core is sensitive to primary production in different parts of the GOA at different times of year. We find strong correlations between average springtime (March-May) chlorophyll a in the northern GOA and east of the Alaska Peninsula (Figure 4a ), a region similar to that with significant monthly correlations (Figure 2a) . However, late summer (July-September) chlorophyll a in this region shows negative correlations with late summer MSA (Figure 4b ). These negative correlations closer to the Alaskan coast may be due to advection of chlorophyll from large mesoscale eddies common in the GOA (Chelton et al., 2011; Henson & Thomas, 2008) , and/or sediment influx near the mouths of major Alaskan rivers impacting the satellite-derived chlorophyll product (Gregg & Casey, 2004) . Strong positive correlations of late summer chlorophyll a with MSA are observed in the central GOA (Figure 4b) . Thus, the Figures 2 and 4) is not only a likely air mass source region for transport to and deposition on Mt. Hunter, but it also represents the common region of positive correlation between satellite chlorophyll a and ice core MSA concentrations throughout the annual season of productivity in the GOA. Figure 3 compares the time series of monthly averaged ( Figure 3a ) and annually averaged (Figure 3b ) Denali ice core MSA concentrations with SeaWiFS chlorophyll a concentrations in the source region identified in Figures 2 and 4 . Monthly Denali MSA data show a similar seasonal timing and amplitude as the monthly averaged SeaWiFS chlorophyll a data, with many years showing two peaks, one in spring and another in late summer, in both records (Figure 3a ). This two-peak signal is consistent with our spatially distinct correlations in spring and late summer ( Figure 4 ) and with previous descriptions of seasonal primary production in the region (Brickley & Thomas, 2004; Waite & Mueter, 2013) . The monthly (r = 0.36, p < 0.01) and annual (r = 0.57, p < 0.05) correlations are both statistically significant from 1998 to 2010. Both the correlation coefficients and the significance levels increase dramatically if the analysis is restricted to 1998-2008 (monthly: r = 0.49, p < 0.001; annual: r = 0.85, p < 0.001) for reasons we describe below. These results are consistent regardless of whether SeaWiFS or MODIS chlorophyll a data are used.
Temporal Relationships Between Chlorophyll a And Denali MSA
The MSA and chlorophyll a data diverge in 2009 when the ice core concentrations reach their highest levels since 1998 (Figure 3 ). This is particularly evident in the monthly data (Figure 3a) , where a large spring MSA peak is absent from the chlorophyll data. This is due, in part, to the SeaWiFS sensor failures mentioned in section 2.4 (low chlorophyll values in the summer of 2009 in Figure 3a) . However, the annual MSA record (Figure 3b ) also diverges from the 2009 annual average MODIS chlorophyll concentrations in the same region (not shown), and thus, the SeaWiFS sensor failure cannot be the sole cause. As we describe in section 4.2, we attribute the majority of the MSA-chlorophyll divergence in 2009 to effects of the Mt. Redoubt volcanic eruption, which began in March 2009 (volcanic explosivity index, VEI, 3; Wallace et al., 2013) . In addition to the marked MSA-chlorophyll divergence in 2009, smaller differences in the timing and magnitude of the two records are apparent during specific seasons, as seen in the monthly time series (Figure 3a ). For example, the highest chlorophyll concentrations of the entire record, in the spring of 2008, are largely absent from 
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Discussion
Spatial and Temporal Variability in MSA and Chlorophyll a
SeaWiFS chlorophyll a data are significantly correlated with both annually and monthly averaged MSA concentrations in the Denali ice core from 1998 to 2010 (Figures 2 and 4) . This suggests that the Denali ice core captures both the seasonality and year-to-year changes of marine primary production in the western GOA. The strongest annual correlations are observed just offshore the eastern Aleutian Islands and the highly productive Alaska Peninsula continental shelf, south of Kodiak Island (Figure 2b ). We hypothesize that this region represents an area generally unaffected by coastal fluvial sediment plumes and mesoscale eddies yet located on the dominant air parcel trajectory to the ice core site (Figure 1 ). The strong MSA-chlorophyll correlations are likely promoted by the high annual snow accumulation rate at the ice core site (1.4-m w.e. or~5 m of fresh snow), which protects against the removal of significant portions of any year by wind scour, thereby preserving a high-fidelity record of atmospheric chemistry . This is supported by the strong correspondence between the monthly Denali MSA data and SeaWiFS chlorophyll a data (Figure 3a ).
There are several instances when the high-resolution signals are either slightly out of phase or their relative magnitude differs. Phase shifts of the signals likely result from 1-to 2-month uncertainties in the ice core time scale, which is linearly interpolated within each year between 1 January demarcations (identified by a trough in δ 18 O; Osterberg et al., 2017; Winski et al., 2017) . Snowfall data collected at the ice core site reveal relatively steady accumulation throughout the year . However, periods of 3-4 weeks without a significant precipitation event, while rare, do occur. Differences in the magnitude of the MSA and chlorophyll signals likely result from atmospheric circulation conditions that prevent or delay MSA from a particular bloom (observed in satellite data) from being transported to the Denali core site, for example, because of a lack of moisture-bearing storms that pass over the bloom and the ice core site. A 2008 case study illustrating this situation is discussed in section 4.3 below.
Impact of Volcanic Eruptions on Primary Production
We attribute the MSA-chlorophyll discrepancy in 2009 (Figures 3a and 3b ) to a decoupling of offshore chlorophyll and ice core MSA concentrations due to a localized bloom triggered by the Mt. Redoubt volcanic eruption (VEI 3; Wallace et al., 2013) . Mt. Redoubt, located adjacent to Cook Inlet and~300 km to the SW of Mt. Hunter (Figure 5a ), erupted in a series of events from mid-March to early April 2009, several of which resulted in extensive ash fall over Cook Inlet (Wallace et al., 2013) . The Redoubt ash plume traveled northward over Anchorage, Alaska, and Denali National Park, depositing a visible, 2-to 5-cm thick ash layer in snow on the Kahiltna Glacier (adjacent to Mt. Hunter) observed in May 2009 by the authors. NASA MODIS chlorophyll a data show that the ash fall was followed by the largest May phytoplankton bloom observed in Cook Inlet from 2000 to 2015, with chlorophyll concentrations reaching 3.75 mg/m 3 (Figure 5b ). The Redoubt eruption manifests in the Denali ice core as a large sulfate (SO 4 2À ) peak ( Figure 3c ; peak 2; 787.3 ppb; 11.3σ above the twentieth century mean of 81.7 ppb) followed by the largest MSA peak seen from 1998 to 2012 (13.2 ppb; 6.7σ above the twentieth century mean of 2.7 ppb; Figure 3a ). Transport and deposition of MSA to the ice core site were facilitated by a series of moisture-bearing storms that passed over the Cook Inlet bloom en route to Denali. HYSPLIT back trajectory modeling shows that storm events on 28 and 31 May, each delivering ≥14-mm w.e. precipitation to Talkeetna, AK, could have deposited MSA at the ice core site in under 48 hr (Figures 5c and 5d) . Thus, we infer that the combination of an anomalous nearshore bloom and favorable transport conditions led to the high observed MSA concentrations in spring 2009.
Volcanically induced phytoplankton blooms have been well documented in the NE Pacific. In particular, the 7-8 August 2008 Kasatochi eruption (VEI 4) in the central Aleutian Islands produced ash fall over wide regions of the GOA, producing a large, anomalous phytoplankton bloom in the second half of August 2008 (Hamme et al., 2010; Langmann et al., 2010) . This eruption is also observed in the Denali SO 4 2À record (Figure 3c , peak 1), and the subsequent MSA peak is the second highest of the record (7.8 ppb; 3.3σ above the twentieth century mean of 2.7 ppb), behind only the 2009 Mt. Redoubt MSA peak (Figure 3a) . Thus, the Denali ice core MSA proxy is sensitive to event-scale changes in primary production, provided that atmospheric conditions
10.1029/2017JD028123
Journal of Geophysical Research: Atmospheres facilitate transport and deposition of MSA to the ice core site. In addition to SO 4 2À deposition, volcanic eruptions are recorded in the Denali ice core as increases in chloride, lead, bismuth, and microparticle concentrations and size distributions. As a multiproxy archive, the Denali ice core provides an opportunity to investigate the impact of North Pacific volcanism on GOA productivity 1,200 years into the past.
While we are interested in assessing the impacts of volcanism on marine primary production through time, the ability to identify local volcanic eruptions also enables us to remove related MSA peaks from the record. This might be desirable to investigate long-term trends in GOA productivity related to changes in SST, wind mixing, and atmospheric dust deposition (cf. Behrenfeld et al., 2006; Gregg et al., 2003) without the influence of volcanic eruptions. For example, removal of the May 2009 MSA peak associated with the Mt. Redoubt eruption-induced bloom results in a significant increase in the annual correlation with SeaWiFS chlorophyll a concentrations in the primary correlation zone south of Kodiak Island (r = 0.83, p < 0.001).
Effects of Transport and Precipitation Timing on the MSA-Chlorophyll Relationship
The highest SeaWiFS chlorophyll a concentrations from 1998 to 2010 occurred in April 2008, but high MSA concentrations are not observed at this time in the Denali ice core (Figure 3a) . SeaWiFS data from this month show an anomalously intense bloom oriented SW-NE along the continental slope paralleling the Aleutian Arc and including our primary zone of strong correlations (boxed area in Figure 6c ). National Centers for 
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Environmental Prediction/National Center for Atmospheric Research twentieth century reanalysis data (Compo et al., 2011) show that a strong blocking high persisted south of Alaska from 12 to 18 April 2008 (Figure 6a ), producing anomalously strong northwesterly winds over the bloom region (Figure 6b ). We attribute the productivity bloom to upwelling of nutrient-rich waters along the continental slope associated with these synoptic conditions. It is possible that fair, sunny conditions associated with the high-pressure center contributed to the bloom. Consistent with our interpretation, weekly averaged chlorophyll a data confirm that the bloom observed in the monthly average data (Figure 6c ) did not appear until after 15 April (not shown).
Unlike the bloom from the Mt. Redoubt eruption, the April 2008 bloom occurred within our region of strong MSA-chlorophyll correlations (boxed region in Figure 6 ). Why, then, does the ice core register relatively low MSA concentrations at that time? Analysis of precipitation data from the Talkeetna Airport Global Historical Climatology Network station reveals only one precipitation event from 16 April to 16 May 2008: a 2-day storm depositing 20 mm of precipitation from 25 to 26 April. Weekly chlorophyll data show that the bloom was still active at this time. However, HYSPLIT back trajectories from the Denali site originate in the Bering Sea over this interval (Figure 6d ), well northwest of the bloom. Thus, we hypothesize that a lack of precipitation with favorable transport over the GOA explains the low ice core MSA values in the spring of 2008. Visual inspection of Figure 3a indicates that blooms are rarely missing from the ice core record, most likely due to the frequent precipitation events that produce the high annual snow accumulation at the ice core site. Importantly, the MSA-chlorophyll correlations from 1998 to 2010 are significant even without MSA from the April 2008 bloom in the ice core record. 
Conclusions
We establish MSA concentrations in the Denali ice core as a proxy for marine primary production in the NE subarctic Pacific. We find significant correlations between MSA and SeaWIFS-derived chlorophyll a on a monthly (r = 0.49, p < 0.001) and annual (r = 0.85, p < 0.001) basis from 1998 to 2008. Although the correlations weaken if we extend the analysis from 1998 to 2010, a period that includes an anomalous volcanically induced productivity bloom (monthly: r = 0.36, p < 0.01; annual: r = 0.57, p < 0.05), we emphasize that the chlorophyll-MSA relationships remain significant across the entire interval studied. These clear relationships are possible because of the cold annual average temperatures (À17°C) and high annual snow accumulation rate (1.4-m w.e.) at the Denali ice core site and the lack of sea ice in the moisture source region, which can impact ice core MSA concentrations (Abram et al., 2010 (Abram et al., , 2013 Curran et al., 2003) .
We find that the MSA proxy reliably records event-scale changes in production such as an anomalous bloom in Cook Inlet related to a 2009 eruption of Mt. Redoubt. In contrast, ice core MSA was not affected by an anomalous bloom in spring 2008, which we attribute to a strong blocking high-pressure system and offshore winds causing upwelling along the continental shelf. Because of these synoptic conditions, the only precipitation reaching the ice core site during this interval was sourced from the northwest and did not pass over the bloom region. Despite the critical role played by atmospheric conditions in the transport and deposition of aerosols at ice core sites (Koffman et al., 2017) , we find that the Denali MSA record rarely misses a bloom event, likely because of the high snow accumulation rates on Mt. Hunter. Therefore, we contend that Denali ice core MSA is a reliable recorder of changes in marine primary production in the NE Pacific on an interannual basis. As such, it can be used to extend existing satellite-based observations into the past. The multiproxy capability of this core should allow for the identification and separate evaluation of volcanic and nonvolcanic (e.g., SSTs, wind mixing, and dust deposition) influences on primary production in this region over the past 1,200 years. 1203863 (C. W. Markle, D. Silverstone, and T. Godaire for field assistance, N. Ortman for ice core melter technical development, and over 25 students for their assistance sampling and analyzing the Denali ice cores in the Dartmouth ice core chemistry lab. The GDAS data used in the various HYSPLIT analyses (https://ready.arl. noaa.gov/ HYSPLIT.php), the chlorophyll a data from MODIS and SeaWiFS (https://oceancolor.gsfc. nasa.gov/), and the Talkeetna GCHN weather data (https://data.noaa.gov/dataset/globalhistorical-climatology-network-dailyghcn-daily-version-3) used in this study are publically available. The Denali ice core MSA and sulfur data sets presented in Figure 3 are available in the attached supporting information files.
